The publication presents the results of the research on the nickel content in potato tubers and green mass of fodder sunflower grown on a constant fertilization field on lessive soil developed from the loess located at the Rzeszów Foothills. The experiment established by randomized block design used a four-year crop rotation, which included potatoes, spring barley, fodder sunflower, and winter wheat. Mineral NPK fertilization was used on a background of constant Mg as well as Ca and Mg fertilization (liming). The nickel content in crops was determined by means of FAAS technique (Hitachi, Z 2000) after samples digestion in a mixture of HNO 3 :HClO 4 :H 2 SO 4 at 20:5:1 ratio. A decrease of the nickel concentration in potato tubers and in green matter of fodder sunflower due to liming was observed. Mineral nutrition (regardless of liming) did not considerably affect the element content in potato tubers, yet it was significant for the metal content in green mass of sunflower. It was shown that the interaction of liming treatment with mineral fertilization contributed to the lowering of nickel concentration in test crops, especially in the green matter of the fodder sunflower (most of limed fertilization objects), while in potato tubers -to a lesser extent.
INTRODUCTION
Nickel is one of the microelements that is needed by plants in trace amounts and does not play any essential metabolic functions. Although it is counted as a nutrient, a few plant species respond with negative symptoms of its deficiency [Rosen & Eliason 2005] . It is a component of some enzymes and has a positive effect on the assimilation of free nitrogen by microorganisms [Liu et al. 2011] . It is considered as a necessary element for the development of higher plants, amongst others, through the influence on dehydrogenase, hydrogenase or urease activity, because its deficiency can cause the accumulation of toxic urea at plants [Hänsch & Mendel 2009 ].
On the other hand, the excessive content of this element in a plant is toxic to many metabolic functions, restricting the growth and development . The toxic effects of nickel prevent the starch conversion into sugars and proteins into amino acids, which provides the energy for the growth of the sunflower seedlings and its further development .
Contamination of soil environment with nickel led to a reduction in the amount of chlorophyll and increasing the content of this element in sunflower leaves, as well as weakening the physiological activity parameters of roots, including the reduction of their capacity and the ability to take up the water and mineral salts [Szymańska & Matraszek 2005] . Reducing the amount of chlorophyll in the sunflower leaves was also confirmed by Mukhtar et al. [2010] . Ahmad et al. [2011] showed the reduction of macro-and microelements in leaves and seed of sunflower, which is important for the plant growth and development, as a result of the nickel addition to the soil environment. A similar effect resulted in lowering the levels of iron and zinc in the stems of common sunflower [Mohammadzadeh et al. 2014 ]. The addition of nickel sulfate caused an increase in the nickel content in the leaves and roots of common sunflower [Najafi et al. 2011] .
Like in the case of the sunflower, low amounts of the element showed a positive influence on the potato growth [Zornoza et al. 1999] . The studies performed by Shukla [2010] revealed a harmful effect of high nickel doses on the production and quality of potato. It contributed to negative changes in sugars, starch, and protein contents in tubers. The nickel excess in potatoes caused chlorosis and necrosis of young leaves, growth delay and deterioration of zinc and iron concentrations [Shukla & Gopal 2009] .
The nickel concentration in potato tubers can be affected by mineral NPK nutrition [Pakhnenko et al. 2009 ], also in combination with organic fertilization [Šrek et al. 2010, Šrek et al. 2012 ] and soil pH [Stegen et al. 2002 , Właśniewski 2003 , Šrek et al. 2010 ]. Soil acidity is one of the main factors that affect the nickel solubility in soil solution, its availability for plants and thus human health [Ӧborn et al. 1995] . The presence of low nickel contents in an environment (soil and plants) has no unfavorable effects on human health, while its accumulation in larger quantities may be harmful for people [Stasinos & Zabetakis 2013] .
The aim of the study was to determine the influence of liming and mineral fertilization on the nickel content in potato tubers and green mass of fodder sunflower grown, respectively, in four and three rotations on loessial soil.
MATERIAL AND METHODS
The research on the effects of liming (A) and mineral fertilization NPK (B) on the nickel content in potato tubers and green matter of fodder sunflower grown in crop rotation: winter wheat -potatoes -spring barley -sunflower fodder, has been carried since 1986 on a static fertilizing field of the University of Rzeszow in Krasne near Rzeszow situated on Rzeszow Foothills (50° 02´ N; 22° 03´ E, 220 m a.s.l.). in the Bt layer, which corresponds to its natural contents in the soil.
The experiment was set up in a random subblock design with four replicates. The first variable factor was liming (A 2 ) or its lack (A 1 ), while the second one consisted of different doses of mineral fertilization with constant magnesium nutrition. The following crops were cultivated in the rotation system: potato, spring barley, fodder sunflower (fodder cabbage in the 1 st crop rotation cycle) and winter wheat. The study covered 4 crop rotation cycles.
The basic doses of mineral fertilization N 1 P 1 K 1 with constant magnesium nutrition were as follows: potato: N 1 = 120 kg N, P 1 = 43.6 kg P, K 1 = 132.8 kg K ha -1 , spring barley: N 1 = 80 kg N, P 1 = 43.6 kg P, K 1 = 99.6 kg K ha -1 , fodder sunflower: N 1 = 100 kg N, P 1 = 34.9 kg P, K 1 = 99.6 kg K ha -1 , winter wheat: N 1 = 90 kg N, P 1 = 34.9 kg P, K 1 = 83.0 kg K ha -1 . Constant magnesium fertilization was applied before sowing in each experimental sub-block at a 24.1 kg Mg ha -1 dose for potato, spring barley and winter wheat, and a 72.4 kg Mg ha -1 dose for fodder crops. From 1994 on, the magnesium dose was reduced to 24.1 kg Mg ha -1 , applied for all experimental crops. Liming with a dose of 4 t CaO ha -1 was used prior to the experiment and after the harvest of the crop last in a rotation. Mineral fertilizers NPK, Mg and Ca were applied in the forms of ammonium nitrate, triple superphosphate, potassium salt KCl (58%), magnesium sulfate and CaO or CaCO 3 (dose to according 1 value of the hydrolytic acidity). ). The results were statistically processed by a two-factor analysis of variance (liming, mineral NPK fertilization) and calculating the lowest significant difference (LSD) with the Tukey's tests at the significance level of p = 0.05.
RESULTS AND DISCUSSION
The nickel contents in potato tubers and green biomass of fodder sunflower from individual fertilization objects are shown in Tables 1 and 2 . The potato tubers grown in non-limed soil contained Ni in the range from 2.13 to 4.77 mg kg -1 DM at average level of 3.14 mg kg -1 , while those grown on limed soil from 1.46 to 3.32 mg kg -1 with mean value of 2.08 mg kg -1 . The potato cultivars grown on alkaline soils (pH = 7.5) with granulometric composition of silty loams (Turkey) were characterized by a slightly higher nickel content (range: 2.02-3.55 mg kg -1 ) [Öztürk et al. 2011 ]. The average nickel content in the potato tubers harvested from limed soil (2.08 mg kg -1 s.m.) was significantly lower than that from non-limed objects (3.14 mg kg -1 DM). Liming reduces the uptake and content of heavy metals in crops [Błaziak 2007 ], including potato tubers [Kaniuczak 1997 ]. The nickel content in potato tubers from the Lublin region plantations depended on the conjunction of soil features, including the particle size composition, humus content, and pH KCl value [Bednarek et al. 2006] . The nickel uptake by potato tubers decreased with the increase of pH and the saturation The procedure reduced the phytoavailability of some heavy metals in the green matter of sunflower [Kaniuczak et al. 2009 , Hajduk et al. 2014 .
The average nickel content in potato tubers (Table 1) was slightly higher than the average content of this element in the green mass of fodder sunflower ( Mineral nutrition (B), regardless of liming, did not invoke a statistically significant effect on the nickel content in potato tubers (Table 1 ). Increasing nitrogen fertilization on a background of constant phosphorus-potassium nutrition (objects:
did not have a univocal tendency of affecting the nickel content in potato tubers. Similarly, increasing the phosphorus fertilization on a background of constant nitrogen-potassium nutrition (objects:
, as well as potassium fertilization on a background of constant nitrogenphosphorus nutrition (
) did not show any direct tendency of influencing on the element concentration in potato tubers. Only increasing the NPK fertilization at a proportional increase of nutritional components (Table 1) . The mineral NPK fertilization enhanced the nickel amount in the tubers of potato grown on alkaline soil [Pakhnenko et al. 2009 ]. The studies by Šrek et al. [2010] showed a substantial increase in the nickel content in the potato tubers cultivated on the soil developed from loess, due to the influence of increasing NPK rates in combination with straw addition as well as resulting from high phosphorus and potassium doses along with natural fertilization. The studies of these authors also showed an increase in the nickel content in potato tubers by using only mineral NPK fertilizers and the tendency of reducing the content of this metal after the introduction of manure without NPK nutrition [Šrek et al. 2012] . Diversified mineral NPK fertilization combined with liming or without this treatment in a 16-year study period, because of the nickel content in mineral fertilizers and fertilization lime [Kaniuczak 1997 ], could have had a modifying effect on the nickel content in potato tubers (Table 1) .
Mineral fertilization (B), independently of liming, significantly influenced the nickel content in green biomass of fodder sunflower (Table 2) causing, among others, its lowering relative to the object without NPK, resulting from a twofold increase of nitrogen, phosphorus and potassium doses (object: N 2 P 2 K 2 ) and in the object with a decreased potassium rate (object: N 1 P 1 K 0,5 ). On other objects, mineral fertilization (B) resulted in a trend of nickel decreasing in the green mass of the plant as compared with the control (N 0 P 0 K 0 ).
Increasing the nitrogen nutrition (relative to basic N 1 P 1 K 1 rate) on a background of constant phosphorus-potassium fertilization showed a tendency of lowering the nickel concentration in fodder sunflower. Increasing the phosphorus and potassium nutrition on a background of constant contents of other fertilization components had no univocal influence on the nickel concentration in this plant species. The studies by Gunes [2009] performed under other soil and climate conditions indicate the lowering the nickel content in sunflower due to phosphorus fertilization applied.
The many-year research conducted at a constant fertilization field showed a significant statistical interaction of agrochemical treatments, i.e. liming and mineral nutrition (AB), in shaping the nickel content in the potato tubers and green mass of fodder sunflower (Tables 1 and 2) .
A reduction in the nickel content in the potato tubers from some fertilization and limed objects as compared to analogous non-limed objects, was recorded (objects: N 1 P 1 K 0 , N 1 P 1 K 1,5 , N 0,5 P 0,5 K 0,5 , N 1,5 P 1,5 K 1,5 and N 2 P 2 K 2 ). There was no univocal tendency in the interaction between these treatments on other objects. In majority of objects, the interaction of liming and mineral fertilization (AB) resulted in lowering the nickel content in the green mass of fodder sunflower grown on limed objects, while in other objects -the tendency of its reduction (Table 2 ).
CONCLUSIONS
1. Summing up, it should be stated that liming influenced the statistically significant lowering of the nickel content, both in potato tubers and green mass of fodder sunflower grown several times in the crop rotations on loessial soil. 2. Mineral NPK fertilization (regardless of liming) showed no statistically significant effect on the nickel content in potato tubers. However, there was a trend of the increasing content of this element in potato tubers under the influence of increasing NPK doses at a proportional increase of the applied fertilization rates. 3. Mineral NPK fertilization (regardless of liming) significantly influenced the reduction or tendency to lowering the nickel content in the green mass of fodder sunflower. 4. The interaction of liming and mineral nutrition had a statistically significant effect on shaping the nickel content in potato tubers and green mass of fodder sunflower. Statistically significant lower nickel content in potato tubers was found in some limed fertilization objects, especially those with proportionally increased doses of NPK. Significantly lower nickel content in the green mass of fodder sunflower was shown in most limed fertilization objects, while on other objects, the tendency to reduce the content of this element was recorded.
